Direct sequencing of polymerase chain reaction products is now an expanding area of plant systematics and evolution. Within angiosperms the rbcL gene has been widely sequenced and used for inferring plant phylogenies at higher taxonomic levels. Unfortunately rbcL does not usually contain enough information to resolve relationships between closely related genera, such as Hordeum, Triticum, and Aegilops. One solution to this problem could be to analyze noncoding regions of chloroplast DNA, which are supposed to evolve more rapidly than coding regions. Here we present pairwise comparisons among dicots and monocots for rbcL and two noncoding sequences of cpDNA (the trnL (UAA) intron and the intergenic spacer between the trnL (UAA) 3' exon and the trnF (GAA) gene). It appears that these regions evolve faster (more than three times faster, on average) than rbcL, as previously reported, and that the trnL intron evolves at a rate that is the same as that of the intergenic spacer. By the analysis of these regions, the genera Hordeum, Triticum, and Aegilops clearly could be distinguished. A phylogeny using trnL (UAA) intron sequences is also inferred for some species of the genus Gentiana L., clearly illustrating the phylogenetic utility of these zones at the generic level. The advantages and the disadvantages of the use of these regions to resolve plant phylogenies are discussed, as well as the desirability of a preliminary study before every large-scale analysis. in the Zingiberales ).
Introduction
Chloroplast DNA (cpDNA) has been used extensively to infer plant phylogenies at different taxonomic levels. Direct sequencing of polymerase chain reaction (PCR) products is now becoming a rapidly expanding area of plant systematics and evolution (Clegg and Zurawski 199 1) . The rbcL gene, which encodes the large subunit of ribulose-1,5-bisphosphate carboxylase / oxygenase (RUBISCO), has been widely sequenced from numerous plant taxa, and the resulting data base has greatly aided studies of plant phylogeny (Palmer et al. 1988; Clegg and Zurawski 199 1; Chase et al. 1993) .
Such phylogenies, based on rbcL sequences, were successfully obtained at the family level (e.g., see Zurawski et al. 1984; Soltis et al. 19.90; Wilson et al. 1990; Jansen et al. 199 1; Bousquet et al. 1992b ; Michaels et al. 1993; Morgan and Soltis 1993) and also at higher levels (Bousquet et al. 1992a; Gaut et. al. 1992; Chase et al. 1993 , and references therein). However, the utility of rbcL is limited to interordinal or intrafamilial level Phylogenetic relationships using rbcL sequences have also been inferred at lower taxonomic levels (interand intrageneric) in the Cornaceae ), the Cupressaceae , the Ericaceae , the Geraniaceae , the Onagraceae , and the Saxifragaceae , indicating that rbcL can be used at the generic level. However, in some instances many relationships remain unclear, such as in the Asteraceae ( Kim et al. 1992) ) the Cornaceae , and the Saxifragaceae . Furthermore, in the tribe Triticeae of the Poaceae, relationships among the genera Hordeum, Triticum, and Aegilops could not be resolved (Doebley et al. 1990 ; Gaut et al. 1992) . Therefore, the rbcL gene is sometimes too conserved to clarify relationships between closely related genera.
Analysis of noncoding regions of cpDNA could extend the utility of the molecule at lower taxonomic levels. These zones tend to evolve more rapidly than do coding sequences, by the accumulation of insertions/deletions at a rate at least equal to that for nucleotide substitutions (Curtis and Clegg 1984; Wolfe et al. 1987; Zurawski and Clegg 1987; Clegg and Zurawski 199 1 ) , and therefore they can become very useful below the family level. cpDNA is an extremely valuable molecule for studying phylogenetic relationships between closely related species (Palmer 1987; Palmer et al. 1988; Clegg et al. 199 1) . Despite its conservative mode of evolution, numerous cases of intraspecific variation have been reported (reviewed by Soltis et al. 199 1) . Accordingly, sequences of noncoding regions should display more phylogenetically informative sites than do rbcL sequences. We previously designed universal primers for the amplification of noncoding regions of cpDNA (Taberlet et al. 199 1) .
This paper presents pairwise comparisons among four dicotyledonous and six monocotyledonous plants for rbcL and noncoding sequences of cpDNA. The sequence divergence in noncoding regions is compared with those observed with rbcL, and the utility of these regions in resolving plant phylogenies at low taxonomic level is discussed. In order to assess the utility of noncoding sequences in resolving phylogenetic relationships at the generic level, a phylogeny of six species of gentians (Gentiana L.) is also inferred using trnL (UAA) intron sequences.
Material and Methods

Plant Material
Species identification is according to the Flora Europaea (Tutin et al. 1964 (Tutin et al. , 1972 . The comparison was carried out on four dicotyledonous plants (Alnus incana (L.) Moench, Betula pubescens Ehrh., B. papyrijkra Marshall, and Quercus rubra L.) and six grasses (Hordeum vulgare L., Avena sativa L., Puccinellia distans ( L.) Parl., Aegilops triuncialis L., Triticum aestivum L., and Oryza sativa L.). The rbcL gene sequences are available for all of these species, except Aegilops triuncialis (in this genus, we used the rbcL sequence of Aegilops crassa). A leaf sample of B. papyrifra Marshall was obtained from V. Savolainen of the Botanical Garden of Geneva, and leaf samples of H. vulgare L., Avena sativa L., Puccinellia distans ( L.) Parl., Aegilops triuncialis L., and T. aestivum L. were provided by 0. Manneville.
Seven taxa of gentians, belonging to six species and three sections (sect. Gentiana, sect. Megalanthe Gaudin, and sect. Calathianae Froelich), were analyzed (table  1) . Swertia perennis L. was used as the outgroup.
cpDNA Regions Analyzed
We sequenced the trnL (UAA) intron and the intergenic spacer between the trnL (UAA) 3' exon and the trnF (GAA) gene amplified with primers c and d and e and f, respectively (Taberlet et al. 199 1) . Sequences of the trnL (UAA) intron and the intergenic spacer between the trnL (UAA) 3' exon and the trnF (GAA) of Oryza sativa L. were taken from the complete sequence of the rice chloroplast genome (Hiratsuka et al. 1989) .
The rbcL sequences of Alnus incana (L.) Moench, B. papyrlyera Marshall, Q. rubra L., Aegilops crassa L., H. vulgare L., Oryza sativa L., and T. aestivum L. were taken from GenBank (accession numbers are X566 18, X56617, M58391, X621 18, X00630, D00207, and X62 117, respectively). rbcL sequences of Avena sativa L. and P. distans (L.) Parl. were provided by M. T. Clegg.
Laboratory Procedures
Total DNA was extracted using a modified version of the cationic hexadecyltrimethylammonium bromide protocol described by Doyle and Doyle ( 1990) ) adapted for PCR: DNA was purified using UltraFree-MC 100,000 NMWL low-binding cellulose filter units (Millipore) according to the manufacturer' s instructions, instead of isopropanol precipitation. The whole procedure was performed in Eppendorf tubes to prevent possible contamination by foreign DNA (Taberlet et al. 199 1) .
Double-stranded DNA amplifications were performed in a 25-~1 volume containing 50 mM KCl, 10 mM Tris-HCL pH 8.3, 2.5 mM MgC12, 1 l.tM of each primer, 200 uM of each dNTP, and 0.5 U of Taq polymerase (Boehringer-Mannheim) . The PCR mixture underwent 35 cycles of 1 min at 93"C, 1 min at 5O"C, and 2 min at 72°C. Double-stranded DNA was purified on Noncoding versus rbcL Sequences 77 1 agarose gel ( Kocher et al. 1989) and was used as template for the asymmetric amplification. Single-stranded DNA was obtained via asymmetric PCR with a primer ratio of 1: 100 (Gyllensten and Erlich 1988 ) .
After asymmetric amplification, excess primers and deoxynucleotide triphosphates were removed from samples by filtration in Ultrafree-MC 30,000 NMWL low-binding cellulose filter units (Amicon), for some samples ( Aguilar-Cordova and Lieberman 199 1) , and by filtration in Microcon 100,000 MWCO low-binding filter units (Amicon), for the others, according to the manufacturer' s instructions. Single-stranded DNA was sequenced with the limiting primer of the asymmetric PCR, using the chain-terminating dideoxynucleotide Sequenase version 2.0 kit (United States Biochemical Corporation ) and 35S-labeled dATP, according to a classical protocol ( Sambrook et al. 1989) . DNA sequencing reactions were electrophoresed in a 6% acrylamide 7 M urea and 1 X Tris-borate ethylenediaminetetraacetate denaturing gel, using a BRL sequencing gel electrophoresis system (Sambrook et al. 1989 ).
Data Analysis
Mutliple alignments of the sequences of the two noncoding regions were obtained using the CLUSTAL program ( Higgins et al. 1992 ) , with possible slight manual modifications to minimize the number of gaps. For each pair of species, we estimated the proportion of observed mutational events by following the formula employed by O' Donnell ( 1992 ) : proportion of mutational events = [ (TS+TV+ ID)/ L] X 100, where TS = number of observed transitions, TV = number of observed transversions, ID = number of observed insertions/ deletions (multibase length differences are scored as 1)) and L = sequence length (TS+TV+ID + number of sites showing the same nucleotide). Note that the proportion of mutational events estimated using this formula cannot be converted to a genetic distance but does allow comparison of the phylogenetic information of the relevant sequences. Considering only the substitutions, a second estimation was made using Kimura' s ( 1980) two-parameter model.
The phylogenetic relationships of the Gentianaceae when the trnL (UAA) intron sequences were used were analyzed via a parsimony approach using a PAUP exhaustive search (Swofford 199 1) . In order to assess the phylogenetic utility of the insertions/ deletions, two distinct analyses were carried out, based either on nucleotide substitutions or on both nucleotide substitutions and insertions/deletions. In the latter case, the different mutational events (substitutions as well as insertions/ deletions) were coded in a matrix of unordered multistate characters, the nucleotide stretch corresponding to one insertion/deletion ( or two overlapping insertions / deletions) being considered as a single site. A bootstrap analysis ( Felsenstein 1985 ) was performed in both cases (2,000 replications, branch-and-bound option).
Results
Successful double-stranded DNA amplifications were obtained for all the species studied. Table 2 gives both the length of the sequenced fragment and the corresponding accession number in the EMBL database, for each species and for each region. The sequences of the spacer between the trnL (UAA) 3' exon and the trnF (GAA) gene for Avena sativa and Betula papyrifera, as well as the intron sequence ofAegilups triuncialis, could not be obtained by direct sequencing. In order to get reliable information on the dicots, we sequenced the same regions for B. pubescens. In the dicots, a succession of 15-16 Ts in the Betula sequence of the intergenic spacer did not allow us to obtain the whole sequence. Consequently the alignment of the given zone for the Betulaceae is extremely short ( 102 bp) . 
Gielly and Taberlet
Pairwise comparisons for rbcL, the trnL intron, and tree length 3 1, or 12 excluding autapomorphies; fig. 3 ). the spacer are summarized in table 3. A total of 13 pair-Considering both substitutions and insertions/deletions, wise comparisons could be made between rbcL and the a PAUP exhaustive search retained also a single most intron, 11 between rbcL and the spacer, and 9 between parsimonious tree with exactly the same topology (conthe intron and the spacer. Length-mutational events oc-sistency index 0.962; tree length 53, or 19 excluding aucur at a rate at least equal to that of nucleotide substi-tapomorphies; two homoplasies both in one-base-length tutions (table 3) . Among 33 pairwise comparisons, 336 gap characters; fig. 3 ). insertions/deletions could be detected for 404 substitutions. In most of the situations, sequence divergences Discussion of noncoding sequences are higher than in rbcL ones
The results clearly show that noncoding regions ( fig. 1 ), even when only substitutions are considered evolve faster than do coding regions, as reported else-(see table 3 ) . Only two cases of divergence lower than where (Curtis and Clegg 1984; Wolfe et al. 1987 rbcL with the intergenic spacer, we find that the evo-A second point is that the trnL intron evolves at a lution of the spacer is, on average, 4.89 times that of rate that is close to that of the intergenic spacer, even rbcL, ranging from 3.86 (Puccinellia distans-Oryza sa-when previous studies suggest that the overall rate of tiva) to 11.72 ( Triticum aestivum-Aegilops sp.), and is chloroplast intron evolution is similar to that of protein only 2.68, on average, when the insertions/deletions are gene evolution (Zurawski and Clegg 1984; Clegg and not included. The evolution of the trnL intron seems to Zurawski 199 1) . This is surprising, given the nature of be similar to that of the intergenic spacer, which evolves, this intron (a group I intron), which is supposed to be on average, 1.58 times faster than the intron-and 1.48 less variable because of its secondary structure and its times faster when only substitutions are considered. By catalytic properties. This structure contains regions of the analysis of the sequences of the trnL intron and the complementary sequences that form nine stem-loop intergenic spacer, we could clearly distinguish the genera structures (PI-P9). Within these stems, there are four Hordeum, Triticum, and Aegilops (table 3 ) : for example, regions (P-S) conserved in primary sequences among the proportion of mutational events in rbcL, the intron, all group I introns (Kuhsel et al. 1990 ). The size of the trnL intron varies from about 350 bp (genus Avena) to and the spacer for H. v&are-T. aestivum is 1.W4.04, and 7.37, respectively, so that the intron evolves 3.74 600 bp (genus Euphorbia). The nearly twofold size range of this group I intron mainly results from large length times faster than rbcL, the spacer 6.87 times faster. For mutations located in the P8 loop. Furthermore, it has H. vulgare-Aegilops sp., the ratio is 6.20 between the b een shown that the trnL intron of Vicia faba shows intergenic spacer and rbcL (7.75 and 1.25). Between T. high sequence identity, over about 100 bp from each aestivum and Aegilops sp., it appears that the spacer end, with the corresponding region of the maize trnL evolves 11.72 times faster ( 2.11 and 0.18 ).
intron (Bonnard et al. 1984) . The fact that the evolution Figure 2 shows multiple alignment of the trnL of the intron and that of the intergenic spacer are similar (UAA) intron sequences of the eight taxa of Gentiancould be explained by the hypothesis that the loop strucaceae. Three deletions of several bases occur at the same tures, which represent a large part of the sequence, are position in both Gentiana occidentalis Jakowatz and G. not subject to the same evolutionary constraints as are angustifolia Vill. sequences, suggesting that these events the stems. could be considered as phylogenetically informative. In-
The results obtained in the genus Gentiana (figs. 2 traspecific variation of cpDNA occurs in G. burseri La-and 3) demonstrate the ability of noncoding sequences peyr.: three nucleotide substitutions separate subspecies of cpDNA to resolve plant phylogenies at the intrageneric burseri and subspecies villarsii . Using substitutions only, level, using both nucleotide substitutions and insertions / the exhaustive search algorithm of PAUP resulted in a deletions: the phylogenetic tree obtained is fully consingle most parsimonious tree (consistency index 1,000; gruent with the distribution of the studied taxa into the for seven pairs of species, of the proportion of observed mutational events in rbcL, the trnL intron, and the intergenie spacer between the trnL (UAA) 3' exon and the trnF (GAA) gene, showing higher sequence divergences of noncoding regions of cpDNA than in those of rbcL. Each comparison with rbcL is significant at 99% (for explanations, see three sections. However, the phylogenetic relationships among the three sections are weakly supported by these data.
It is not easy, for many reasons, to establish a rule for the choice of a particular region of the chloroplast genome for resolving phylogenies.
The rbcL gene is a valuable tool for assessing phylogenetic relationships at the interfamilial level (Zurawski et al. 1984; Doebley et al. 1990; Soltis et al. 1990; Wilson et al. 1990; Jansen et al. 199 1; Bousquet et al. 1992b ) and above (Albert et al. 1992; Bousquet et al. 1992a; Gaut et al. 1992; Chase et al. 1993 ) . On the other hand, sequencing rbcL rep- resents a laborious task, which sometimes reveals little information (Palmer 1987) . Therefore it has limitations for studying related taxa, as reported elsewhere for the genera Hordeum, Triticum, and Aegilops (Doebley et al. 1990; Gaut et al. 1992) or for the Asteraceae (Kim et al. 1992) . For this reason, noncoding regions of cpDNA may be more appropriate for working at lower taxonomic levels by displaying more informative sites for less sequencing effort (smaller size of the regions analyzed). Furthermore, the primers that we defined are universal that values of such variation could range from 0 in the alignments, as mentioned earlier.
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genera Fraxinus and Alnus to 6% in the genus Gentiana (Gielly and Taberlet 1994) . Second, there are some cases where the evolution of these regions is scarcely
The trnL (UAA) intron and the intergenic spacer faster than that of rbcL-for example, in the comparibetween the trnL ( UAA ) 3' exon and the trnF (GAA ) sons Avena sativa-Oryza sativa (the intron evolves 1.93 times faster than rbcL) and Puccinellia distans-Oryza gene seem to be well suited for inferring plant phylo-sativa (the intron evolves 2.00 faster than rbcL). Third, this kind of procedure should enable detection of any genies between closely related taxa: (i) double-stranded long series of T bases, which affect the sequencing process, and also should lead to difficulties in multiple cpDNA can easily be amplified for a wide taxonomic range of plant species, and (ii) the size of these noncoding impossible to read enough to work on a wide taxonomic range of plant the sequence farther away, and only a small portion of species, and, because of the small size of these given the information is available. These regions, internal primer(s) are not needed to sequence the entire region.
The utility of these regions could be reduced by the presence of long series of Ts (or As), especially in the intergenic spacer (Betula pubescens). In this case, it is regions is small enough to allow us to get the whole sequence by using only the amplification primers. With series have also been observed in the genera Acer (Ta-the use of such regions, it is now possible to extend the berlet et al. 199 1) and Euphorbia, Gentiana, Gentianella, use of cpDNA and try to resolve phylogenetic relation-Mercurialis, and Swertia (Gielly and Taberlet 1994) . ships at the intrageneric level-if necessary in conjunc-Nevertheless, the positions of these series can be of im-tion with some other regions of the molecule that may portance: if one of them is close to a primer, it is possible evolve faster than the rbcL gene, e.g., a coding region to sequence with the opposite primer and read up to such as matK (Johnson and Soltis 1994; Steele and Vil-200 bp in order to locate more informative sites. How-galys 1994) or a noncoding region such as the intergenic ever, the occurrence of the long series of Ts (or As) can spacer between rbcL and atpB ; be a serious limitation to the use of the intergenic spacer Spichiger et al. 1993; Savolainen et al. 1994; in phylogenetic studies. Some problems may arise with al. 1994). sequence alignment because of the length mutations. The more distant the taxa, the more doubtful the alignment. For example, it was impossible to achieve an alignment between the dicots and monocots. Even in the same family Euphorbiaceae, it was difficult to align intron sequences of Euphorbia sp. and Mercurialis sp., because of the high frequency of insertions/deletions (Gielly and Taberlet 1994) . Consequently, the utility of these noncoding regions for resolving the phylogenetic relationships is limited to the intrafamilial or the intrageneric level. If a nonambiguous multiple alignment can be obtained, the presence of insertions/deletions would suggest that only a parsimony approach should be used for phylogenetic reconstructions, since no reliable genetic distances can be estimated from both substitutions and insertions/ deletions.
Regions showing ambiguous alignment have to be removed before any phylogenetic analysis.
Before starting laboratory research to resolve plant phylogenies at the generic level, a preliminary study is highly recommended, for three reasons. First, sequence divergence of these regions at the intrageneric level can vary greatly, depending on genera: we previously sequenced the trnL intron in several genera and found
